Background: The aims of this study were to clarify the changes of patellar tendon length during isometric knee joint extension and the double leg squat position using ultrasonography.
Introduction
Patellar tendinitis is a typical overuse injury in sports such as basketball and volleyball that involve jumping movements (Hamilton and Purdam, 2004; Peers and Lysens, 2005) . Especially in volleyball, in a study targeting elite male players, a high occurrence rate of 44.6% was reported (Lian et al., 2005) . It does not become serious in many cases, but it has a high recurrence rate and is difficult to prevent (Peers and Lysens, 2005) . Several effective treatments have been reported (Everhart et al., 2017; Larsson et al., 2012; Rodriguez-Merchan, 2013; van Leeuwen et al., 2009 ), but the lack of an effective method of prevention is a concern (Hamilton and Purdam, 2004) . One reason for this is that the mechanism by which patellar tendinitis develops is only poorly understood.
Regarding the mechanism of occurrence, several theories, such as circulation impairment, mechanical stress, impingement, repetitive overload, etc., have been reported (Peers and Lysens, 2005; Schwartz et al., 2015) . In particular, the "repetitive overload mechanism" is the most supported mechanism (Almekinders et al., 2002; Kannus et al., 1997; Schwartz et al., 2015) . However, in recent years, controversial research on the "repetitive overload mechanism" has also been reported. Defrate et al. (2007) used magnetic resonance (MR) imaging to create a 3D model of the knee joint and measure the change in patellar tendon length during single leg lunge. It was reported that the patellar tendon length increased significantly at knee joint flexion from 0°to 30°, but the patellar tendon length did not change at knee joint flexion from 30°to 110°. On the other hand, Dillon et al. (2008) had subjects perform a single leg lunge with an optical fiber inserted in the patellar tendon and showed the changes of the patellar tendon. It was reported that it stretched most after 90°. In this way, both reports showed that the patellar tendon length was not changed from knee joint flexion 30°t o 90°, which is used in the jumping motion. Although the movement style is different, changes in patellar tendon length when performing an isometric knee joint extension motion at a knee joint angle of 90°in the previous study were measured by ultrasonography. In these studies, when the knee joint extension torque was changed to 50 Nm, 80 Nm, and 110 Nm, it was reported that there was no significant difference in the change in patellar tendon length and strain (Kosters et al., 2014) . In this way, the "repetitive overload mechanism" was refuted.
However, in the previous study that assessed single leg lunge, angles other than the knee joint (hip joint and ankle) were not controlled, living subjects were not assessed, and an invasive method was used, and this needs to be reconsidered. Furthermore, in isometric knee joint extension, measurements were made only at knee flexion of 90°. Therefore, the aims of this study were to clarify the changes of patellar tendon length during isometric knee joint extension and the double leg squat position with the knee joint set to 30°, 60°, and 90°in healthy adult males using ultrasonography.
Methods
The left legs of 17 healthy adults with no neurological or orthopedic diseases were investigated (mean age: 21.0 ± 0.5 years, height: 171.6 ± 4.6 cm, weight: 64.8 ± 7.6 kg). The study was performed in accordance with the Declaration of Helsinki after approval by the Ethics Committee of our institution. The study content was fully explained to the subjects, and written, informed consent was obtained from all subjects.
Measurement

Measurement 1: isometric knee joint extension (knee flexion 30°·60°·90°)
The limb position was set to knee flexion 30°(knee 30°), knee flexion 60°(knee 60°), and knee flexion 90°(knee 90°). Maximum isometric knee joint extension was performed at each limb position, and the absolute maximal extension torque was measured with an isokinetic strength measurement device (Biodex System4, Biodex, New York, USA) for 5 s at maximal isometric contraction; based on this, 40% (40% PT), 50% (50% PT), and 60% (60% PT) of the maximum knee joint extension torque were calculated. After maximal isometric knee joint extension movement, the subject rested for 5 min. The subjects were then randomly assigned to each % PT and fed back the torque on the PC screen. The patellar tendon long-axis image was photographed by ultrasonography (Aplio 500, Toshiba Medical Systems, Tochigi, Japan) within 30 s from the start of the isometric knee joint extension movement (Fig. 1) .
Measurement of each % PT at one position was performed on one day, and measurement of the remaining two positions was measured within one week from the next day (Fig. 2) . The ultrasound measurements with 0% PT, 40% PT, 50% PT, and 60% PT at knee 30°for 8 of the subjects were measured on different days to assess test-retest reliability. Tests were performed with at least a 1-week interval between the two tests.
Measurement 2: double leg squat (knee flexion 30°·60°·90°)
Measurements were randomly performed with knee joint extension 0°in the supine position in the initial limb position, and hip joint flexion 30°, knee joint flexion 30°, and ankle dorsiflexion 10°(squat 30°), hip flexion 60°, knee flexion 60°, and ankle dorsiflexion 20°(squat 60°), and hip flexion 90°, knee flexion 90°, and ankle dorsiflexion 30°( squat 90°), using a goniometer (Goniometer, Nishikawashinwa, Tokyo, Japan) (Fig. 3) . At the time the squat was performed, the subjects were asked to place their feet shoulder width apart, and not to cause inner and outer anti-counteractions of the lower thigh, and they were asked to avoid excessive swaying back and forth and right to left. The left and right load amounts were fed back using a mirror (Exercise Mirror, SPR-5130, SAKAImed) and a weight scale (BC-314, TANITA). Then, the patellar tendon was imaged by ultrasonography within 30 s in each position with the subject remaining still. There was a 5-min break between measurements at each limb position.
The ultrasound measurements at three positions were measured for 8 of the subjects on different days to assess test-retest reliability. Tests were performed with at least a 1-week (interval) between them.
Method for measuring patellar tendon length
To measure patellar tendon length, the long axis image of the patellar tendon was photographed with reference to the method of Kosters et al. (Kosters et al., 2014) . B-mode ultrasonography with a linear probe (10-MHz) was used for all measurements. Care was taken to apply consistent pressure at the minimal level that allowed ultrasound visualization.
The patellar tendon length was measured from the lower edge of the patellar tendon from the patellar inferior pole to the tibial tuberosity on the image (Fig. 4) . Using open-source digital measurement software (Image J, NIH, Bethesda, MD, USA), patellar tendon length was measured on the ultrasound image, and the means of three measurements were obtained. Tendon strain was calculated using the following formula (Kongsgaard et al., 2007 
] is calculated and expressed as a percentage of 0% PT length.
Statistical analysis
Statistical analyses were performed using SPSS (version 24.0, SPSS Japan Inc., Tokyo, Japan). Intersession measurement reliability was assessed using the intraclass correlation coefficient (ICC) (1, 1). The minimal detectable difference at the 95% confidence interval (MDD95%) was calculated as follows: MDD95% = z × SEM × √2, where z = 1.96 and standard error of measurement (SEM) = SD√(1 − ICC) (Shoemaker et al., 2013) .
Comparisons between patellar tendon length and strain of each % PT at each limb position were performed using two-way repeated measures ANOVA (knee flexion angle × % PT). Comparison of patellar tendon length at each joint angle (30°, 60°, 90°) of the squat movement was done using one-way ANOVA. The level of statistical significance was 5%. 
Results
Reliability of ultrasound measurement (Table 1)
The ICC (1, 1) of knee 30°in the isometric knee joint extension movement was 0.928-0.946; it was 0.850 at rest in double leg squats, 0.937 at squat 30°, 0.847 at squat 60°, and was 0.939 at squat 90°.
In this study, the measurement of the patellar tendon length showed almost perfect reliability, consistent with the results of a previous study (Landis and Koch, 1977) .
Knee joint extension torque
The maximum knee joint extension torques were 133.3 ± 25.7 Nm at knee 30°, 224.1 ± 36.3 Nm at knee 60°, and 223.2 ± 47.2 Nm at knee 90°.
Changes in patellar tendon length during isometric knee joint extension (Fig. 5)
In all limbs (knee 30°, knee 60°, and knee 90°), patellar tendon length was significantly longer at 40% PT, 50% PT, and 60% PT than at 0% PT (all P < 0.01, partial η 2 = 0.920, partial η 2 = 0.899, and partial Max PT measurement: maximum isometric knee extension peak torque measurement. 0% PT: rest. 40% PT: 40% of maximum isometric knee extension peak torque. 50% PT: 50% of maximum isometric knee extension peak torque. 60% PT: 60% of maximum isometric knee extension peak torque. Black arrow: ultrasound measurement. 
Changes in patellar tendon length during double leg squat (Fig. 6)
Compared with rest, the patellar tendon was significantly longer at squat 30°, squat 60°, and squat 90°(P < 0.01, partial η 2 = 0.672).
Strain (%) showed no significant differences between limb positions.
Discussion
In this study, ultrasonography was used in healthy adult males to evaluate the changes of tendon length with isometric knee joint extension (knee 30°, 60°, 90°) and double leg squat movement (squat 30°, 60°, 90°). To the best of our knowledge, there has been no report examining the changes in patellar tendon length at knee joint flexion from 30°-90°, which is frequently seen in jumping motions.
As a hypothesis, the patellar tendon is significantly elongated with knee flexion movement and muscle contraction compared with at rest. However, no significant changes were observed in patellar tendon length between the angles of knee flexion of 30°, 60°, and 90°in isometric knee joint extension and the double leg squat limb position. The following two factors appear to be responsible for the result that there was no change in patellar tendon length.
The first factor seems to involve alignment of the patella. Akbarshahi et al. (2014) reported that a compressive force of the patellofemoral joint is seen during ascending a stairway, and, as a result, strong compression force is generated at the outer part of the patellofemoral joint. Furthermore, Defrate et al. (2007) reported that the patellar tendon is located rearward with respect to the tibia as the knee flexion angle increases in the sagittal plane, and in the frontal plane, the patellar tendon extends from 0°to 60°. They reported that it was located outside in the single leg lunge. From these reports, it is conceivable that, as the knee joint flexes, a force is exerted on the patella and patellar tendon to compress the lateral and patellofemoral joints. Therefore, in this study, the change in patellar alignment during flexion of the knee joint did not appear to show any significant changes in patellar tendon length and strain because the force to extend the patellar tendon ICC: Intraclass correlation coefficients. MDD95%: minimal detectable difference at the 95% confidence interval. Knee 30°: knee flexion 30°. 0% PT: rest. 40% PT: 40% of maximum isometric knee extension peak torque. 50% PT: 50% of maximum isometric knee extension peak torque. 60% PT: 60% of maximum isometric knee extension peak torque. Rest: rest position. Squat 30°: hip joint flexion 30°, knee flexion 30°, ankle dorsiflexion 10°. Squat 60°: hip joint flexion 60°, knee flexion 60°, ankle dorsiflexion 20°. Squat 90°: hip joint flexion 90°, knee flexion 90°, ankle dorsiflexion 30°. 40% PT: 40% of maximum isometric knee extension peak torque. 50% PT: 50% of maximum isometric knee extension peak torque. 60% PT: 60% of maximum isometric knee extension peak torque. was dispersed.
The second factor seems to be related to the stiffness of the patellar tendon. In human studies, the stiffness of the patellar tendon has been reported to be about 2500 N/mm (Wiesinger et al., 2016) , about 3700 N/mm (Kongsgaard et al., 2007) , and about 4300 N/mm (Hansen et al., 2006) . On the other hand, the stiffness of the Achilles tendon is reported to be about 300 N/mm (Wiesinger et al., 2016) , 320-660 N/ mm (Mogi et al., 2017) , and about 480 N/mm (Magnusson et al., 2001 ). In addition, Kosters et al. (2014) showed no significant change in patellar tendon elongation and strain even when the contraction strength of the quadriceps muscle was increased by isometric knee extension movement. Therefore, because the patellar tendon itself is difficult to elongate, it was suggested that there were no significant changes in patellar tendon length and strain.
Various mechanisms have been reported for the mechanism of occurrence of patellar tendonitis. The "repetitive overload mechanism" is the most supported mechanism (Almekinders et al., 2002; Kannus et al., 1997; Peers and Lysens, 2005; Schwartz et al., 2015) . However, in the present study, the patellar tendon was not significantly elongated with knee joint flexion from 30°-90°, which is used for jumping motions. Previous studies (Edama et al., 2017 ) using large-scale specimens reported the possibility that the two mechanisms of the "repetitive overload mechanism" and the "impingement mechanism" could coexist, because the mechanism of occurrence varies depending on the shape of the patellar inferior pole and the attachment site of the patellar tendon. Therefore, we think that it is necessary to investigate the mechanism of occurrence focusing on the morphological features of the patella and the patellar tendon in the future.
Several limitations must be considered in this study. First, the ultrasonography used in this study measures the patellar tendon in two dimensions, without comparing between areas of the patellar tendon. Therefore, it is not possible to clarify the degree of stress of the proximal posterior surface, which is said to be a frequently affected site. A previous study (Dillon et al., 2008) using optical fibers in healthy adults reported that strong tendinous forces would be added to the posterior of the knee joint rather than to the anterior during movement of the knee joint proximally. Furthermore, a previous study using fresh cadavers (Basso et al., 2002) reported that, when the knee joint was flexed by applying a certain tension to the quadriceps femoris, the strain of the posterior fiber increased more than the anterior fiber at 60°and 90°of flexion of the knee joint. However, similarly, in a previous study using fresh cadavers (Almekinders et al., 2002) , it was reported that, when the knee joint was bent from 0°to 60°, the strain of the posterior fiber increased the patellar tendon length. Thus, there has been no constant opinion among the reports. Therefore, in the future, it will be necessary to examine each patellar tendon site in vivo. Second, there is a possibility that the load amount of the motion task was small. In the present study, strain was 6.9% ± 6.3%-8.8% ± 6.5% in both limb positions. In previous studies of the human cadaver patellar tendon, strain at yield stress was 12.0%-30.2%, (Butler et al., 1984) 6.8% ± 1.0%-13.0% ± 1.0% (Haraldsson et al., 2005) , and 13.5% ± 0.7% (Butler et al., 1986) . In previous in vivo studies of the human patellar tendon, it was reported that it was 6.3% (Kongsgaard et al., 2007) , 7% (Hansen et al., 2006) , and 8.6% ± 1.4% (Wiesinger et al., 2016) . Although the results differed greatly depending on the differences in the subjects, the results of the present study are similar to the previous studies on the human in vivo patellar tendon. Therefore, it seems that sufficient elongation had been achieved to yield adequate stress. Third, the number of samples in this study may have been inadequate. In future it is necessary to investigate by increasing the number of samples.
Conclusions
The aims of this study were to clarify the changes of patellar tendon length in isometric knee joint extension and the double leg squat position with the knee joint set to 30°, 60°, and 90°in healthy adult males using ultrasonography. There were no significant changes in patellar tendon length and strain between the angles of knee flexion of 30°, 60°, and 90°in isometric knee joint extension and the double leg squat limb position. In the future, it will be necessary to investigate the mechanism of occurrence focusing on the morphological features of the patella and patellar tendon.
